with stress-related mental-health problems. However, the exact circuitry mechanisms underlying SIB have remained poorly understood. Here, with bilateral injection of muscimol into the entopeduncular nucleus (EP), we established a rat model of SIB. Following the muscimol injection, the male rats exhibited in a dose-dependent manner stereotypic self-biting behavior that lasted for hours and often resulted in wounds of various severities. The SIB was associated with an elevated level of serum corticosterone and could be exacerbated by enhancing the corticosterone signaling and, conversely, alleviated by inhibiting the corticosterone signaling. Activity mapping using c-fos immunostaining, combined with connectivity mapping using herpes simplex virus-based anterograde tracing from the EP and pseudorabies virus-based retrograde tracing from the masseter muscle, revealed the potential involvement of many brain areas in SIB. In particular, the lateral habenula (LHb) and the ventral tegmental area (VTA), the two connected brain areas involved in stress response and reward processing, showed a significant increase in neuronal activation during SIB. Furthermore, suppressing the LHb activity or modulating the GABAergic transmission in the VTA could significantly reduce the occurrence of SIB. These results demonstrate the importance of stress hormone signaling and the LHb-VTA circuit in modulating SIB resulting from EP malfunction, and suggest potential targets for therapeutic intervention of SIB and related disorders.
Introduction
Self-injurious behavior (SIB) often occurs in humans as a repetitive or compulsive action to harm one's own body (Schroeder et al., 2001) . The prevalence of SIB is ϳ4% in the general population and Յ50% in patients with neuropsychiatric disorders (Briere and Gil, 1998; Bentley et al., 2015) . Various risk factors for SIB have been identified, including neurodevelop-mental defects, such as those in patients with autism spectrum disorders (ASDs); psychological conditions, such as abuse in childhood; and genetic disorders, such as Lesch-Nyhan syndrome (Anderson and Ernst, 1994; Favaro et al., 2007; . Previous studies suggest that SIB is associated with dysfunctions in neuromodulatory systems, especially the monoamine systems (Schroeder et al., 2001) .
Environmental stress has been indicated as a strong factor affecting the occurrence of SIB (Beckett et al., 2002; Davenport et al., 2008) . Increased severity of tissue injury was found after social defeat stress in rats (Muehlmann et al., 2012) . Although the underlying mechanisms are unclear, it has been hypothesized that SIB may serve as a means of relieving negative feelings (Klonsky, 2007) . On the other hand, clinical studies showed seemingly contradictory results on the change in stress-hormone level in patients with neuropsychiatric disorders and SIB. Increased blood cortisol levels were found in adults with developmental disabilities and chronic self-injury (Symons et al., 2003) , whereas no change or decrease in cortisol level was found in individuals with autism (Sandman et al., 1991; Curin et al., 2003) . Nonetheless, it is generally believed that SIB is linked to stress-related response, but exactly how it is regulated by stress is still unknown.
It is also known that SIB may involve repetitive and stereotypic behavior, especially in some neuropsychiatric patients (Bodfish, 2007) . Abnormal repetitive activity can cause severe tissue damage. Such activity includes self-biting in mental retardation patients or excessive grooming in a mouse model of ASD with altered basal ganglia function (Peça et al., 2011; Muehlmann and Lewis, 2012) . Impaired functional activity in basal ganglia structures has also been implicated in SIB. For example, bilateral injection of muscimol into the substantia nigra (SN) of rats could induce stereotyped self-biting behavior (Baumeister and Frye, 1984) . Lesions in the globus pallidus of the basal ganglia have been reported in some patients of depression, schizophrenia, and obsessive-compulsive disorder (Laplane et al., 1989) , psychiatric conditions with high SIB occurrence (Klonsky, 2007) . Notably, deep brain stimulation directed at the internal globus pallidus (GPi) can result in mood changes (Okun et al., 2003) and suicidal behavior (Foncke et al., 2006) , implying that this area, commonly known for movement control, may also be involved in emotion modulation.
As SIB is often triggered by negative emotions that lead to stereotypic self-harming movements, it is possible that GPi, which is involved in both movement control and emotion regulation, plays an important role in the process of SIB. It has been shown that the entopeduncular nucleus (EP), the rodent homolog of the GPi, sends reward-related signals to the lateral habenula (LHb; Shabel et al., 2012) , which is associated with various mental disorders (Li et al., 2013; Chan et al., 2017) . The LHb is an important circuitry hub regulating monoamine nuclei, such as the ventral tegmental area (VTA; Proulx et al., 2014) . Both the LHb and the VTA are parts of a complex emotion circuitry involved in responses to stress (Hikosaka, 2010; Holly and Miczek, 2016) , which is known to affect various brain functions (Xu et al., 1998; Park et al., 2017) and to exacerbate SIB (Devine, 2012) .
It is thus conceivable that the above brain circuits play important roles in the induction and regulation of SIB. In the current study, we have established a rat model of SIB by impairing neural activity in the EP. With this model, we were able to systematically examine which brain areas are involved in SIB, and to investigate how this behavior is modulated by stress. Stereotaxic surgery. Rats were anesthetized with pentobarbital sodium salt (60 mg/kg; Merck) and placed in a stereotactic apparatus (RWD Life Science). For drug injections, small holes were drilled in the skull for the implantation of stainless steel guiding cannulae (500 m outer diameters, 350 m inner diameters) positioned 1.0 mm above the target brain areas (EP: 2.5 mm posterior, 3.0 mm lateral, 6.7 mm ventral to bregma; LHb: 3.8 mm posterior, 0.8 mm lateral, 4.0 mm ventral to bregma; VTA: 5.8 mm posterior, 0.7 mm lateral, 7.4 mm ventral to bregma). The location of the injection site was examined using Nissl staining. Animals with off-target injections were excluded from further analysis unless otherwise stated.
Materials and Methods

Animals
For viral tracing experiments, pseudorabies virus (PRV) carrying the gene for enhanced green fluorescent protein (PRV-152-EGFP) was injected into the left or right masseter muscle around the marginal mandibular branch (5 ϫ 10 9 U/ml, three sites, 1.5 l per site; Stanek et al., 2014; Wei et al., 2015) . Since it takes Ն48 h for PRV to infect neurons in the brain from muscles (Fay and Norgren, 1997), we injected herpes simplex virus (HSV) carrying the tdTomato gene (HSV-tdTomato) into the EP (5 ϫ 10 10 U/ml, 300 nl; Tang et al., 2016) ipsilateral to the PRV injection site 2 d later. Animals were then housed in home cages for 60 h before being killed.
Behavioral experiments and analyses. After surgery, each rat was allowed to recover in its individual home cage for 7 d before being transferred to a black plastic recording box (30 ϫ 30 ϫ 30 cm) with an infrared transparent floor and two infrared cameras installed above and below the box. The rat was habituated in the recording box for 3 d (8 h per day) before intracranial injections. For intracranial injection, the rat was anesthetized with isoflurane (3% for induction and 1.5% for maintenance; RWD Life Science). For SIB induction, 1.0 l of muscimol (SigmaAldrich) solution of various concentrations was injected bilaterally into the EP using a syringe pump at 0.25 l/min. After injection, the cannula was left in place for an additional minute to allow diffusion of the drug away from the cannula tip. In other experiments, 1.0 l of muscimol (1.0 g/l) or bicuculline methiodide (BMI; 200 M; Tocris Bioscience) was injected into target brain areas (e.g., LHb or VTA) bilaterally 20 -30 min before SIB induction. RU38486 (RU; 60 mg/kg; Sigma-Aldrich) or corticosterone (60 mg/kg; TCI Chemicals) was intraperitoneally injected 15 min before SIB induction. Metyrapone (100 mg/kg; Sigma-Aldrich) was intraperitoneally injected for 5 consecutive days; on the fifth day, metyrapone was injected 15 min before SIB induction. For restraint stress experiments, the rat received acute restraint in a restraint box for 3 h before intracranial injection. Immediately after injection, the animal was transferred to the recording box, allowed 5-10 min to recover from anesthesia, and recorded for Յ7 h. After recording, each rat was visually examined and photographed for wounds on different body regions, including forepaws, chest, belly, legs, hindpaws, and tail. Severity of wounds was quantified using criteria similar to those of previous studies (Turner et al., 1999) . Stereotypic SIB induced by disruption of activity in the EP. A, Experimental paradigm. Saline (sal) or muscimol (mus) was injected into the EP bilaterally. EP injection was performed 10 d after surgery, following 3 d of habituation. i.ep., EP injection. B, Schematic diagram and example photos of SIB rats, showing wounds on chest (1), forepaws (2), belly (3), legs (4), hindpaws (5), and tail (6). C, SIB was induced by muscimol injection into the EP, with the wound-occurrence ratio of the mus-1.0 group significantly higher than that of the mus-0.2 group. No wound occurred in the saline and unilateral (uni) muscimol injection (mus-1.0-uni) groups. D, Average score of wound severity for each group. E, Examples of IDV curves corresponding to different types of animal movement. Three IDV curves, each based on a 1 s video segment when the rat was at rest (top), moving naturally (middle), or moving repetitively (bottom). Scale bars: top and bottom, 500 IDVs; middle, 1000 IDVs. F, Quantification of repetitive movements of four individual animals after EP injections. The movements included self-biting, grooming, and (Figure legend continues.) Custom software was developed to quantitatively analyze repetitive movements in rats. The algorithm is based on the analysis of the image difference value (IDV) between two video frames, defined as the sum of the absolute values of all pixel intensities in one frame subtracting those of corresponding pixels in the other frame. The algorithm is expressed as follows:
ij represent pixel matrices of frames A and B, respectively. H is a step function. H(x) ϭ 1 when x Ն 0 and H(x) ϭ 0 otherwise. A threshold parameter t was chosen (usually ϳ60), depending on the quality of video images.
For each 1-s-long video segment (25 frames per second), a time series of 24 non-negative IDVs was generated by comparing the first frame with each of the remaining 24 frames in the segment. Three different types of animal movement could be classified based on the pattern of the IDV time series (Fig. 1E) . When the rat stayed still, all values in the time series were close to zero. When the rat moved naturally, the time series often showed monotonic increase. When the rat made repetitive movements, the time series was near rhythmic, usually ϳ6 Hz. Such stereotypic movements identified and quantified by the program were confirmed by manual analysis of video clips. Codes and executable programs are available upon request.
Measurement of serum corticosterone. Rats were anesthetized with isoflurane (5%) for blood collection via tail vein (0.2 ml each time, for measuring serum corticosterone changes over time), or by cardiac puncture (0.3 ml per animal, for acute restraint stress experiments). Serum was extracted and stored at Ϫ20 or Ϫ80°C until assayed. Corticosterone level was measured using an ELISA kit for corticosterone (Enzo Life Science).
Immunostaining, fluorescence imaging, and image analysis. Rats were killed by an overdose of pentobarbital sodium salt, followed by intracardiac perfusion with 4% paraformaldehyde (PFA) in phosphate buffer saline. Brains were extracted from the skulls and kept in 4% PFA at 4°C for 24 h. After cryoprotection in 30% sucrose, coronal slices (30 m thick for c-fos immunofluorescence staining, and 50 m thick for all other experiments) were immunostained using one primary antibody or a combination of primary antibodies, including rabbit anti-c-fos (1:500; Santa Cruz Biotechnology, catalog #sc-52, RRID:AB_2106783), mouse anti-tyrosine hydroxylase (TH; 1:1000; Millipore, catalog #MAB318, RRID:AB_2201528), rabbit anti-DsRED (1:1000; Clontech Laboratories, catalog #632496, RRID:AB_10013483), and rabbit anti-GFP conjugated with Alexa 647 (1:1000; Invitrogen, catalog #A31852, RRID:AB_162553). Immunostains were amplified with appropriate secondary antibodies, including Alexa Fluor488-labeled goat anti-rabbit (1:500; Jackson ImmunoResearch Laboratories, catalog #111-545-144, RRID:AB_2338052), Cy3-labeled donkey anti-mouse (1:500; Jackson ImmunoResearch Laboratories, catalog #715-165-151, RRID:AB_2315777), and Cy3-labeled goat anti-rabbit (1:500; Jackson ImmunoResearch Laboratories, catalog #111-165-144, RRID:AB_2338006). Fully stained samples were imaged using a fluorescence stereomicroscope (Olympus, MVX10) with a 2ϫ objective (numerical aperture, 0.5), at 2-4ϫ zoom. TH and c-fos confocal images were captured on a confocal microscope (Zeiss, LSM710) with a 20ϫ water-immersion objective (numerical aperture, 1.0).
Semiquantitative analyses of c-fos expression and viral tracing signals were performed for all brain areas by visual inspection. For each given area, the c-fos expression was considered substantially increased if the number of c-fos-positive neurons in the rats examined 4 h after injection of muscimol (1.0 g/l; mus-1.0-4 h group) was Ͼ30 and was Ն3 times the number of c-fos-positive neurons in rats treated similarly but with saline (sal-4 h group). For viral tracing data, a brain area was considered to have strong coinfection of HSV and PRV if the density of both types of infected neurons was Ͼ40 per square millimeter.
Quantitative analysis of c-fos expression in selected brain areas was performed using a custom Python program. After image smoothing, c-fos-positive cells were identified by visual inspection, with coordinates of all identified cells marked manually. The program then measured the signal (defined as the maximal pixel intensity within a 14 ϫ 14 m 2 patch surrounding an artificial mark) and the background (defined as the median intensity of the pixels on the border of a 42 ϫ 42 m 2 patch surrounding the peak intensity point) of the cell. Only cells with the signal/noise ratio Ͼ1.2 were counted as true c-fos-positive cells. This procedure eliminates human biases influenced by different imaging conditions.
Experimental design and statistical tests. For SIB induction/glucocorticoid modulation/restraint/c-fos expression/viral tracing/LHb-VTA modulation experiment, 63/145/79/28/4/95 rats with correct injection loci were used. For the systematic survey of whole-brain c-fos or viral tracing signal, six consecutive sections were examined for each brain area, and the section with the highest density of positive neurons was selected for semiquantitative analysis. For quantitative analysis of c-fos expression in selected brain areas, the number of c-fos-positive cells on six sections was counted for each area (three consecutive sections from each hemisphere; except for the VTA, where three consecutive sections were counted as both hemispheres can be counted together in the same brain section). The wound-occurrence ratio for each group was determined as the ratio of the number of rats with wounds to the total number of rats. Changes in corticosterone following bilateral muscimol or saline injection were compared using two-way repeated-measures ANOVA for determination of main effects and interactions, followed by least significant difference (LSD) post hoc tests for pairwise comparisons among groups. Data of c-fos-positive cell counting, except for those from unilateral muscimol-injection experiments, were analyzed using two-way ANOVA followed by LSD post hoc tests to compare the effect of different drugs at different times. All other data were analyzed using either oneway ANOVA followed by LSD post hoc tests (for tests with Ͼ2 groups) or by two-sample Student's t test (for tests with two groups), and expressed as mean Ϯ SEM. Test results were considered statistically significant when p Ͻ 0.05.
Results
SIB in rats induced by muscimol injection in the EP
After habituation in the recording box for 3 d, rats were injected bilaterally with muscimol into the EP to disrupt local neural activity (Fig. 1A) . Immediately after injection, the rats exhibited agitated movements for about 10 min, and then gradually quieted Color symbols indicate rats with wounds; black symbols indicate rats with no wounds. H, The total counts of movements over the 400 min of the mus-1.0 group were significantly more than those of the mus-0.2 group, mus-1.0-uni group, and the saline group. I, Duration of the repetitive movements of the mus-1.0 group was significantly longer than that of the mus-0.2 group. J, Correlation of total repetitive movements and wound-severity score. Each point indicates a muscimol-injected rat. The red line represents the best fit with linear regression between the repetitive movements and the wound score. *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 for all figures. mus-0.2, Rats bilaterally injected with 0.2 g of muscimol per site; mus-1.0, rats bilaterally injected with 1.0 g of muscimol per site; mus-1.0-uni, rats unilaterally injected with 1.0 g of muscimol in one site and saline in the other; sal, rats bilaterally injected with saline; w, rats with wounds; nw, rats without wounds. Number of animals used: sal, n ϭ 12; mus-0.2, n ϭ 18; mus-1.0, n ϭ 25; mus-1.0-uni, n ϭ 8. (Fig. 1B) . We considered this behavior a form of SIB and called these animals with wounds "SIB rats." For the group with bilateral injection of 1.0 g of muscimol on each side (mus-1.0), wounds occurred in about 90% of the rats. The wound-occurrence ratio fell to ϳ40% in the low-dose group (mus-0.2), whereas no wounds were found in the control groups with bilateral saline (sal) injection or unilateral (uni) muscimol injection (F (3,59) Table 1 ). We further analyzed and quantified the repetitive movements in rats using custom software (see Materials and Methods; Fig. 1E ). The SIB animals in general showed more repetitive movements and higher repetition frequency than the non-SIB (those with stereotypic movements but no wounds) or the control rats (F (3,59) ϭ 18.093, p Ͻ 0.001; sal vs mus-0.2: p ϭ 0.007; sal vs mus-1.0: p Ͻ 0.001; mus-0.2 vs mus-1.0: p Ͻ 0.001; mus-1.0-uni vs mus-1.0: p Ͻ 0.001; Fig. 1F-H ) , as well as longer duration of repetitive movements [mus-0.2 vs mus-1.0, t (41) ϭ 5.013, p Ͻ 0.001; Fig. 1I ]. Notably, rats with unilateral muscimol injection exhibited moderate head movements but no stereotypic selfbiting behavior, whereas rats with saline injection showed normal behavior with occasional grooming (Fig. 1F) . A positive correlation was found between the score of wound severity and the counts of total movements in the bilateral muscimolinjection groups (R 2 ϭ 0.64; Fig. 1J ). The EP injection sites in all the animals used in Figure 1 were mapped out (Fig. 2) . These results suggest that the occurrence of SIB is linked to the level of stereotypic movements in a dose-dependent manner.
To determine whether EP is indeed the induction site of such SIB, we mapped out the muscimol-injection loci of all SIB and non-SIB rats, and further included cases of deliberately deviated injection about 0.8 -1.0 mm away from the edge of the EP in the dorsal-ventral or medial-lateral direction (Fig. 3A) . Along the rostral-caudal axis, the wound-occurrence ratio in the mus-0.2 group was relatively higher at loci closer to the target location of our EP injection site (2.50 mm posterior to bregma; Fig. 3B ). We further analyzed the wound-occurrence ratio around the EP area near the target injection site (from 2.40 to 2.64 mm posterior to bregma) and found that the ratio decreased rapidly as the injection sites deviated from the EP (Fig. 3D) . A similar trend was observed in the mus-1.0 group (Fig. 3C,E) . These results suggest that the disruption of neural activity in the EP rather than its adjacent areas is responsible for the stereotypic movements and subsequent self-injury in rats.
Modulation of SIB by glucocorticoid signaling
Previous studies have shown that SIB is accompanied by changes in the level of stress hormone (Symons et al., 2003) . We measured the serum levels of corticosterone (the main glucocorticoid in rodents) in rats following muscimol injection at the EP. As shown in Figure 4A , the corticosterone levels in the muscimol-injected groups (mus-1.0 and mus-0.2) increased rapidly and were significantly higher than the control group (sal) 1 h after the injection. In the mus-1.0 group, corticosterone kept rising steadily and reached the maximal level about 4 h after injection. After 4 h, the level started to fall. In the mus-0.2 group, the corticosterone level began to fall slightly 2-4 h after injection, but was still significantly higher than that in the control group, before decaying to baseline level by 4 -6 h. In contrast, corticosterone in the control group remained at a low level and only rose moderately in the afternoon due to the normal daily cycle of the hormone. Two-way repeated-measures ANOVA of this dataset showed a significant effect of drug injection (F (2,24) ϭ 19.164, p Ͻ 0.001), time (F (2.909,69.825) ϭ 20.490, p Ͻ 0.001), and drug ϫ time interaction (F (5.819,69.825) ϭ 11.643, p Ͻ 0.001). LSD post hoc tests showed a significant difference of drug injection among the three groups (sal vs mus-0.2, p ϭ 0.018; sal vs mus-1.0, p Ͻ 0.001; mus-0.2 vs mus-1.0, p Ͻ 0.001; Fig. 4A ). All eight rats in the mus-1.0 group and five of 11 rats in the mus-0.2 group exhibited biting wounds. We further compared corticoste- rone levels in rats (with and without SIB) of the mus-0.2 group and found that there was a significant effect of SIB (F (1,9) ϭ 6.605, p ϭ 0.030) and time (F (2.055,18.494) ϭ 33.929, p Ͻ 0.001), but no significant effect of SIB ϫ time interaction (F (2.055,18.494) ϭ 1.687, p ϭ 0.212), indicating that corticosterone levels in SIB rats were significantly higher than those in non-SIB rats (Fig. 4B ). These results demonstrate that elevated corticosterone levels are associated with the induction and maintenance of SIB.
To examine whether changes in stress hormone might modulate SIB, we altered the levels of corticosterone in muscimol-injected rats using pharmacological and behavioral manipulations. In the group intraperitoneally injected with glucocorticoid receptor blocker RU38486 (RU; 60 mg/kg) or steroid ␤-hydroxylase inhibitor metyrapone (Met; 100 mg/kg), animals showed a significant reduction in the wound-occurrence ratio (F (10,107) Fig. 5F ) of the stereotypic movements compared with rats in the control groups. To elevate the levels of corticosterone, we injected corticosterone (Cort; 60 mg/kg, i.p.) in the lower-dose group (mus-0.2) to avoid the ceiling effect. The rats exhibited a significantly higher woundoccurrence ratio (F (10,107) ϭ 15.911, p Ͻ 0.001; Veh ϩ mus-0.2 vs Cort ϩ mus-0.2: p ϭ 0.001; Fig. 5A ) and severity (F (10,107) ϭ 14.116, p Ͻ 0.001; Veh ϩ mus-0.2 vs Cort ϩ mus-0.2: p ϭ 0.012; Fig. 5B ) with more severe stereotypic movements compared with the control group (total counts: F (10,107) ϭ 11.270, p Ͻ 0.001; Veh ϩ mus-0.2 vs Cort ϩ mus-0.2: p ϭ 0.002; duration: F (6,73) ϭ 12.079, p Ͻ 0.001; Veh ϩ mus-0.2 vs Cort ϩ mus-0.2: p ϭ 0.005; Fig. 5C-F ) . No SIB occurred in the control groups of rats injected with saline in the EP plus intraperitoneal injection of RU38486, metyrapone, or corticosterone (Fig. 5 A, B) .
To evaluate the effects of physiological stress on SIB, rats were exposed to acute restraint stress, which is known to activate the hypothalamic-pituitary-adrenal axis and to elevate the systemwide glucocorticoid level (Kirby et al., 2013) . Three hours of restraint led to significant enhancement of both neuronal activity in the paraventricular nucleus of hypothalamus (PVN), as reflected by the increase in c-fos expression (t (34) ϭ 12.978, p Ͻ 0.001; Fig. 6 A, B) , and serum corticosterone (t (23) Fig. 6E ] compared with the nonrestraint group. In additional controls, we found no SIB in saline-injected or naive animals with the same stereotaxic surgery (Fig. 6 D, E) . These results indicate that SIB is modulated by stress, worsened with elevation of corticosterone and ameliorated with reduction of corticosterone.
SIB-related brain areas revealed by activity and connectivity mapping
To identify the brain areas involved in the process of SIB, we first compared the neuronal activation in the muscimol-injected rats with that in the saline-injected ones using c-fos immunofluorescence staining. The levels of c-fos signal were examined at 1, 2, and 4 h after injection, which reflected neuronal activities ϳ1 h before each time point (Krukoff, 1999) . Thus, the c-fos expression in the 1 h groups reflected the neural activity associated with the handling and immediate response to the injection, whereas the mus-1.0-2 h and the mus-1.0-4 h groups reflected the activities during the initial and sustained phases of the stereotypic movements, respectively. A systematic semiquantitative analysis of all brain areas (see Materials and Methods) revealed that c-fos signals were substantially enhanced in 36 areas in the mus-1.0-4 h group compared with the saline controls (Fig. 7A) .
Because SIB in our rat model was initially induced by disrupting neural activity in the EP, and was eventually expressed as stereotypic self-biting involving contractions of masseter muscle, it is likely that this behavior involves brain areas along the multisynaptic neural signaling pathway from the EP to the masseter muscle. Comparing the brain areas located along this EP-masseter muscle pathway with the above 36 activated brain areas identified by c-fos expression could help narrow down key circuits involved in SIB. To trace the EP-masseter muscle pathway, retrograde PRV carrying the EGFP gene (PRV-EGFP) was injected into the masseter muscle, and anterograde herpes virus expressing tdTomato (HSV-tdTomato) was injected into the EP (Zemanick et al., 1991; Dum and Strick, 2013; Fig. 7B ; see Materials and . The elevated corticosterone level was associated with the induction and maintenance of SIB. A, The corticosterone levels in the mus-0.2 and mus-1.0 groups increased rapidly following the muscimol injection into the EP and remained significantly higher than that in the control group in the 4 -6 h after the injection (sal, n ϭ 8; mus-0.2, n ϭ 11; mus-1.0, n ϭ 8). B, Corticosterone levels in the SIB rats were significantly higher than those in the non-SIB rats. The dashed lines represent the corticosterone levels for each individual animal, and the black and red solid lines show the average corticosterone levels for the mus-0.2-nw and mus-0.2-w groups, respectively. w, Rats with wounds; nw, rats without wounds. *p Ͻ 0.05, ***p Ͻ 0.001 for all figures. A, B , Intraperitoneal injection of the glucocorticoid receptor antagonist RU38486 (RU) or metyrapone (Met) for 5 consecutive days before EP injection in the mus-1.0 group significantly decreased the wound-occurrence ratio (A) and the wound severity (B), whereas intraperitoneal injection of corticosterone (Cort) before EP injection in the mus-0.2 group significantly increased the wound-occurrence ratio (A) and the wound severity (B; sal ϩ sal, n ϭ 8; RU ϩ sal, n ϭ 10; Met ϩ sal, n ϭ 10; Cort ϩ sal, (Figure legend continues.) Methods). Sixty hours after infection, the two viruses could have crossed a few synapses from the two ends of the EP-masseter muscle pathways. We identified 59 brain areas infected by Ն1 type of viral tracers, and 18 of them exhibited relatively strong coinfection of both viruses (Fig. 7A ). In addition, seven brain areas showed both strong coinfection of two viruses and considerable increase of c-fos expression in the mus-1.0-4 h group. These brain areas were the PVN, LHb, central amygdala (CeA), locus coeruleus (LC), subthalamic nucleus, pedunculopontine tegmental nucleus, and dorsomedial hypothalamic nucleus (Fig.  7 A, C) .
From the seven identified areas on the EP-masseter muscle pathways and activated during SIB, we first chose two brain areas for further quantitative analysis: the PVN, which is activated by stress and plays a central role in corticosterone release (Herman and Cullinan, 1997) , and the LHb, which is a direct target of the EP (Shabel et al., 2012) and is also an important player in stress response (Hikosaka, 2010) . Indeed, the PVN showed nearly threefold more activated neurons in the mus-1.0-4 h groups as compared with the sal-4 h groups (drug: F (1,144) ϭ 28.562, p Ͻ 0.001; time: F (2,144) ϭ 10.779, p Ͻ 0.001; drug ϫ time interaction: F (2,144) ϭ 43.981, p Ͻ 0.001; sal vs mus-1.0, 1 h: p ϭ 0.007; 2 h: p ϭ 0.276; 4 h: p Ͻ 0.001; Fig. 8 A, C) , which is consistent with the observed role of stress and corticosterone in SIB (Fig. 6) . Furthermore, the LHb showed even more dramatic change, with Ͼ10-fold higher neuronal activation in the mus-1.0-4 h groups than the sal-4 h control groups (drug: F (1,132) ϭ 201.404, p Ͻ 0.001; time: F (2,132) ϭ 3.333, p ϭ 0.039; drug ϫ time interaction: F (2,132) ϭ 24.133, p Ͻ 0.001; sal vs mus-1.0, 1 h: p ϭ 0.002; 2 h: p Ͻ 0.001; 4 h: p Ͻ 0.001; Fig. 8 B, D) , suggesting that the activation of LHb neurons may be involved in SIB. As an additional control, we also examined the c-fos expression 4 h after unilateral muscimol injection into the EP of one hemisphere with saline injection to the other, a manipulation that did not lead to biting wounds (Fig.  1C,D) . Both sides of the PVN [ipsilateral (ipsi) and contralateral (contra)] showed similar elevated c-fos expression, but significantly lower than that of the mus-1.0-4 h group (F (3,59) ϭ 18.198, p Ͻ 0.001; ipsi vs contra: p ϭ 0.822; mus-1.0-4 h vs ipsi: p ϭ 0.013; sal-4 h vs contra: p Ͻ 0.001; Fig. 8 A, C) . Meanwhile, the ipsilateral LHb exhibited higher c-fos expression than the contralateral LHb, but this expression was still significantly lower than that in the mus-1.0-4 h group (F (3,74) ϭ 81.872, p Ͻ 0.001; ipsi vs contra: p Ͻ 0.001; mus-1.0-4 h vs ipsi: p Ͻ 0.001; sal-4 h vs contra: p ϭ 0.297; Fig. 8 B, D) , supporting a role of LHb activation in SIB.
Modulation of SIB by the LHb-VTA circuit
Previous studies have found that the LHb receives direct excitatory and inhibitory inputs from the EP (Shabel et al., 2012 (Shabel et al., , 2014 Wallace et al., 2017) , and our results showed that c-fos expression in the LHb exhibited a significant increase at 4 h after muscimol injection into the EP (Fig. 8 B, D) . To further investigate the role of the LHb in SIB, we injected muscimol into the LHb 20 min before the EP injection. The animals showed a significantly lower wound-occurrence ratio [F (2,32) The LHb sends glutamatergic projections to the VTA. This innervates primarily GABAergic neurons, which in turn inhibit the dopaminergic neurons in the VTA ( Fig. 9C ; Brinschwitz et al., 2010; Russo and Nestler, 2013) . Previous studies have shown that dopaminergic modulation plays an important role in synaptic plasticity and reward responses (Zhang et al., 2009; BrombergMartin et al., 2010) . In addition, dysregulation of the dopamine system can induce SIB in patients and in animal models (Schroeder et al., 2001) . When examining neural activity in the VTA in muscimol-injected rats, we found that the number of c-fospositive cells was significantly increased 4 h after the injection (drug: F (1,37) ϭ 37.026, p Ͻ 0.001; time: F (1,37) ϭ 6.242, p ϭ 0.017; drug ϫ time interaction: F (1,37) ϭ 11.860, p ϭ 0.001; sal vs mus-1.0, 1 h: p ϭ 0.065; 4 h: p Ͻ 0.001; 1 vs 4 h, sal: p ϭ 0.541; mus-1.0: p Ͻ 0.001; Fig. 9 D, E) . Combined with immunostaining of TH, 4 (Figure legend continued. ) n ϭ 10; sal ϩ mus-1.0, n ϭ 8; Veh ϩ mus-1.0, n ϭ 12; RU ϩ mus-1.0, n ϭ 10; Veh2 ϩ mus-1.0, n ϭ 9; Met ϩ mus-1.0, n ϭ 12; Veh ϩ mus-0.2, n ϭ 13; Cort ϩ mus-0.2, n ϭ 16). C, Quantification of repetitive movements of nine individual animals after intraperitoneal injection of vehicles, RU38486, metyrapone, or corticosterone with EP injection. D, Total counts of movements in 400 min after EP injection versus the maximal counts of movements per minute for different groups of animals. Color symbols indicate rats with wounds, while black symbols indicate rats with no wounds. E, F, The total counts (E) and duration (F) of repetitive movements of the RU-injected or Met-injected group were significantly lower, whereas those of the Cort-injected group were significantly higher than the vehicle control groups. Veh, 98% polyethylene glycol 400 and 2% ethanol (vehicle); Veh2, propylene glycol (vehicle2). *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001 for all figures. we found that the c-fos expression of both TH-positive dopaminergic neurons and TH-negative neurons, most of which are known to be GABAergic (Yamaguchi et al., 2007; Nair-Roberts et al., 2008; Margolis et al., 2012) , increased significantly at 4 h after muscimol injection (cell type: F (2,75) ϭ 143.986, p Ͻ 0.001; time: F (1,75) ϭ 19.849, p Ͻ 0.001; cell type ϫ time interaction: F (2,75) ϭ 5.272, p ϭ 0.007; mus-1.0-1 h vs mus-1.0-4 h: c-fos ϩ -TH ϩ : p ϭ 0.018; c-fos ϩ -TH Ϫ : p Ͻ 0.001; total TH ϩ : p ϭ 0.721; Fig. 9 F, G) . We also noticed that the ratio between the number of c-fos ϩ -TH ϩ cells and that of c-fos ϩ -TH Ϫ cells in the VTA decreased at 4 h (t (25) ϭ 2.099, p ϭ 0.023; Fig. 9H ) .
To evaluate the possible involvement of VTA activity in SIB, we first blocked GABAergic inhibition by injecting BNST, bed nucleus of the stria terminalis; CGA, central gray, ␣ part; CLi, caudal linear nucleus of the raphe; Cu, cuneate nucleus; DMH, dorsomedial hypothalamic nucleus; DR, dorsal raphe nucleus; LDTg, laterodorsal tegmental nucleus; LPGi, lateral paragigantocellular nucleus; M2, secondary motor cortex; MCLH, magnocellular nucleus of lateral hypothalamus; MeA, medial amygdala nucleus; MGD, medial geniculate nucleus, dorsal part; MiTg, microcellular tegmental nucleus; MO, medial orbital cortex; MVe, medial vestibular nucleus; NAc, nucleus accumbens; OT, olfactory tubercle; PAG, periaqueductal gray; PCRt, parvocellular reticular nucleus; PIL, posterior intralaminar thalamic nuclei; PLH, peduncular part of lateral hypothalamus; PMV, ventral part of premammillary nucleus; PN, pontine nuclei; PPT, posterior pretectal nucleus; PPTg, pedunculopontine tegmental nucleus; PrC, precommissural nucleus; RCA, retrochiasmatic area; RMTg, rostromedial tegmental nucleus; RPa, raphe pallidus nucleus; SC, superior colliculus; SG, suprageniculate thalamic nucleus; Sp5I, interpolar part of spinal trigeminal nucleus; SpVe, spinal vestibular nucleus; STN, subthalamic nucleus; SubB, subbrachial nucleus; SubC, subcoeruleus nucleus; tth, trigeminothalamic tract; VMH, ventromedial hypothalamic nucleus; VP, ventral pallidum; VTM, ventral tuberomammillary nucleus.
Discussion
Synergistic effects of motor and emotional dysfunctions in SIB
We have established a rat model of SIB by disrupting the neural activity in the EP. Such SIB could be modulated by the level of corticosterone and activity in the LHb-VTA circuit. The thalamus and LHb, two major output targets of the EP, play critical roles in motor and emotional functions (Kha et al., 2000; Li et al., 2013) . Previous studies have shown that the GPi, the primate homolog of the EP, is associated with movement disorders, such as dystonia and obsessive-compulsive disorder (Zhuang et al., 2004; Nair et al., 2014) . Moreover, both the EP in rats and the GPi in primates have roles in aversion encoding (Hong and Hikosaka, 2008; Shabel et al., 2012) and the GPi in humans is involved in emotional disorders, such as major depression disorder, schizophrenia, and suicide (Laplane et al., 1989; Burkhard et al., 2004; Foncke et al., 2006) . Therefore, the SIB induced by the disruption of activity in the EP could be due to the synergistic effects of motor and emotional dysfunctions. Indeed, rats with EP impairment showed both stereotypic movements and enhanced corticosterone levels, together with increased neural activity in several stress-related brain areas, such as the PVN, LHb, CeA, and LC. By altering the corticosterone signaling or the activity of the LHb-VTA circuit, we found that the wound occurrence could be significantly reduced but never fully blocked, which also indicates the existence of parallel pathways, besides the stress-response system, contributing to SIB. Thus, whereas these emotion-related circuits and signaling systems are potential targets for the intervention of this behavior, it is possible that total rescue of SIB in this model will require coordinated regulation of both the stressresponse systems and the thalamus-cortex-striatum pathway.
Delayed onset of SIB Intriguingly, after muscimol injection into the EP, there was always a 40 -60 min delay before the onset of stereotypic head movements (Fig. 1F ) , a phenomenon also observed in rats with SIB induced by muscimol injection into the SN (Baumeister and Frye, 1984) . Because off-target injections near the EP generally failed to induce SIB (Fig. 3) , it is unlikely that the delay is due to diffusion of muscimol to these surrounding areas. Instead, we suspect that the slow development of abnormal behavior reflects changes in dynamic interactions among complex circuitry and hormonal systems. This complexity may also underlie the observed individual variability among animals in their susceptibility to similar SIB-inducing treatments, e.g., bilateral injection of 0.2 g of muscimol into the EP (Fig. 4B) . The many brain areas identified by our SIB activity and connectivity maps provide potential candidates for future investigation of this complexity.
Activity in the LHb-VTA pathway during SIB Previous studies reported that the EP sends GABAergic projections to the thalamus, whereas glutamate/GABA coreleasing neurons and a rare population of purely glutamatergic neurons in the EP send projections to the LHb (Wallace et al., 2017). LHb-projecting EP neurons showed encoding properties similar to those of LHb neurons in expecting "antireward" signals (Hong and Hikosaka, 2008; Shabel et al., 2012; StephensonJones et al., 2016) , and the balance of glutamate/GABA corelease was changed in depression and cocaine-withdrawal rodents (Shabel et al., 2014; Meye et al., 2016) . It is thus possible that muscimol injection into the EP would silence its neural activity and therefore remove the inhibition to the LHb from the glutamate/ GABA coreleasing neurons in the EP, leaving LHb neurons more readily activated by other inputs. This scenario is consistent with the increase of c-fos expression in the LHb following the muscimol injection into the EP (Fig. 8 B, D) .
Driven by the excitatory inputs from the LHb (Russo and Nestler, 2013) , neural activity in the VTA also increased in rats showing SIB, both in TH-positive dopaminergic neurons and in TH-negative neurons, which are most likely GABAergic neurons (Fig. 9G,H ) . Interestingly, the GABAergic neurons in the VTA are also known to receive direct inputs from the PVN (Beier et al., 2015) . Thus, the increased activity in the PVN could also contribute to the enhanced activation of GABAergic neurons in the VTA during SIB (Figs. 8 A, C, 9G,H ) . Notably, both activity inhibition by muscimol and disinhibition by BMI injected into the VTA partially rescued SIB (Fig. 9 I, J ) , suggesting that an "optimal" activation level of VTA dopaminergic neurons might be required to positively modulate the behavior. This is reminiscent of the inverted-U-shaped curve of dopaminergic modulation of other functional circuits, such as the prefrontal cortex during working memory tasks (Vijayraghavan et al., 2007) . In any case, our results suggest that the LHb-VTA pathway may be a potential therapeutic target for treating SIB and related behavioral abnormalities. For example, it may be a promising target in patients or animal models with autism or Lesch-Nyhan disease, who have Figure 9A ,B. A, An example brain slice with Nissl staining showing cannulae locations in the LHb. B, Summary of verified injection sites shown on a brain atlas (red, rats with wounds; green, rats with no wounds).
been found to have decreased concentrations of dopamine and metabolites in various brain areas, including the frontal cortex, basal ganglia, and ventral tegmental complex (Jinnah et al., 1994; Ernst et al., 1996 Ernst et al., , 1997 .
In conclusion, we have established a circuit-specific rat model of SIB that is acutely induced by disruption of EP activity. With this model, we demonstrate that SIB can be modulated by stress and the glucocorticoid system. Furthermore, we have identified brain areas by screening the relevant activity and connectivity maps in our SIB model, especially the LHb-VTA circuit, in the induction and modulation of SIB. Further studies on more brain areas, perhaps with other methods of induction, should reveal new insights into the complex circuit mechanisms underlying SIB, and could lead to new therapeutic approaches for the treatment of related disorders.
